The anti-influenza virus drug amantadine was shown to reduce the rate of fusion of liposomes with influenza A viruses whose replication is inhibited by this drug. The fusion with amantadine-resistant viruses was unaffected. Experiments with reassortant and mutant viruses showed that this effect was linked to the M2 protein and not to the haemagglutinin of the virus. The proton ionophore monensin, on the other hand, substantially increased the rate of fusion of the viruses tested. These results indicate that the kinetics of virus-liposome fusion can be modulated by the virus M2 protein, the target of amantadine action, and it is postulated that the M2 ion channel functions by transporting protons into the virion interior and facilitating virus uncoating.
The anti-influenza virus drug amantadine was shown to reduce the rate of fusion of liposomes with influenza A viruses whose replication is inhibited by this drug. The fusion with amantadine-resistant viruses was unaffected. Experiments with reassortant and mutant viruses showed that this effect was linked to the M2 protein and not to the haemagglutinin of the virus. The proton ionophore monensin, on the other hand, substantially increased the rate of fusion of the viruses tested. These results indicate that the kinetics of virus-liposome fusion can be modulated by the virus M2 protein, the target of amantadine action, and it is postulated that the M2 ion channel functions by transporting protons into the virion interior and facilitating virus uncoating.
Amantadine (1-aminoadamantane hydrochloride) and rimantadine (1-methyl-l-adamantane methylamine hydrochloride) are currently the only effective antiviral drugs available for use against influenza A virus infections (reviewed by Tominack & Hayden, 1987; Douglas, 1990) . Characterization of drug-resistant mutants, selected either in vitro or in vivo in the presence of either agent identified the M2 protein as the target of their action, and single amino acid substitutions at positions 26, 27, 30, 31 or 34 within the transmembrane domain of this integral membrane component have been shown to be responsible for conferring drug resistance (Hay et al., 1985; Belshe et al., 1988; Bean et al., 1989; Hayden et al., 1989) .
Inhibition of the function of M2 can, depending on the particular virus strain, affect two different stages of virus replication: virus uncoating, by preventing the dissociation of the matrix (M 1) protein from the ribonucleoprotein (Bukrinskaya et al., 1982a; Martin & Helenius, 1991) , or virus maturation, by causing a reduction in the pH of the transport pathway, the consequent conversion of the haemagglutinin to the fusion-inactive low-pH form (Sugrue et al., 1990; Ciampor et al., 1992a; Grambas & Hay, 1992) and preventing release of viral particles (Ruigrok et al., 1991) .
Based on the observations that M2 can modify transmembrane pH gradients (Ciampor et al., 1992b) and the subsequent demonstration that the M2 protein forms a cation channel (Pinto et al., 1992) we and others have proposed that the virion protein performs an equivalent role to that in the trans-Golgi and promotes the acidification of the virion interior to facilitate virus disassembly (Hay, 1989; Wharton et at., 1990; Martin & Helenius, 1991) .
In this paper we describe the results of experiments which are consistent with this view and which show that inhibition of M2 by amantadine can cause a reduction in the rate of membrane fusion activity mediated by viruses whose replication is inhibited by the drug, whereas the rate of fusion mediated by amantadine-resistant viruses is unaffected. In addition, the proton ionophore monensin, which would enhance acidification of the virion interior, increases the rate of fusion.
Membrane fusion between viruses and liposomes was studied using a resonance energy transfer assay as described by Wharton et al. (1986) . Purified virus (50 gg) was mixed with small unilamellar liposomes (25 gg) containing 2 mol % of the two fluorescent lipids NBDphosphatidylethanolamine (Avanti Polar Lipids) and cholesteryl anthracene-9-carboxylate (Molecular Probes) and, after a 5 min incubation at 37 °C to obtain a baseline reading, fusion was induced by reducing the pH to 5.1 with an aliquot of prewarmed 0" 15 M-citrate buffer pH 3"5. Membrane fusion was monitored continuously by measuring the increase in fluorescence at 460 nm which was due to a reduction in resonance energy transfer resulting from the mixing of the viral and liposomal lipids ( The effects of monensin (10 gg/ml) and amantadine (5 gg/ml) on A/Singapore/1/57 virus. --, Control; --, 10 pg/ml monensin; .... , 10 gg/ml monensin and 5 ~g/ml amantadine.
Preincubation of A/Singapore/I/57 (H2N2) virus with amantadine (5 lag/ml) reduced the rate of membrane fusion without altering its extent (Fig. 1 a) . There was no detectable lag in the onset of fusion, and the process was 90% complete within about 6 min. Kinetic analysis showed that fusion with untreated virus could be fitted to a single exponential [half-time (t~) being 171 s]. However fusion of the amantadine-treated virus, because of the essential linearity of the initial stages, could not be satisfactorily fitted to exponential parameters. The effects of the drug are thus quantified in terms of the time to reach 50 % fusion in the presence of drug relative to that in the absence of drug. The presence of drug did not alter the pH value required to trigger fusion• The reduction in the rate of fusion was not altered when the assay was done over the pH range of 4"8 to 5.4; nor was it significantly influenced by altering the virus/liposome ratio (data not shown)• Amantadine does not exert its effect by elevating the pH by virtue of being a weak base 1.0 * Time to reach 50% fusion in the presence of 5 gg/ml amantadine relative to that in the absence of the drug. Fusion assays were done at 37 °C and 0.5 pH units below the midpoint pH of fusion of the various viruses.
t The amantadine-resistant mutant A/Singapore(R) was isolated by passage of A/Singapore/I/57 in the presence of 1 gg/ml amantadine as described by Hay et al. (1985) and possessed threonine in place of alanine at position 30 of the M2 protein.
The reassortants between A/Singapore/I/57 and A/New York/83(R6) were isolated and characterized as described by Belshe et al. (1988) . The parental origin of the HA and M genes respectively are indicated in parentheses, e.g. N/S indicates that reassortant 18 derives its HA gene from A/New York/83(R6) and its M gene from A/Singapore/I/57. X-31 possesses the HA and NA genes of A/Aichi/2/68 and the remaining genes of A/Puerto Rico/8/34. since the pH was rigorously controlled at pH 5-1. Higher concentrations of drug caused only a slight enhancement of the inhibition. In terms of the time required to reach 50 % maximum fusion, 5 gg/ml amantadine caused a 41% reduction in the relative rate whereas 100 gg/ml caused a 50% reduction. Although the degree of inhibition appeared relatively small and depended on the particular virus (Table 1) it was consistently observed with a number of viruses whose replication is sensitive to the action of amantadine, but not with mutant viruses resistant to drug action by virtue of a mutation in their M2 component, such as A/Singapore(R) and A/New York/83(R6) (H3N2) (Fig. l b, Table 1 ). The rate of fusion of A/Singapore(R) was slightly less than that of the parental strain (t 1 196 s) but this was not a consistent feature of M2 mutant viruses. Furthermore, the sensitivity or resistance to the amantadine-induced reduction in the rate of fusion of reassortant viruses, derived from A/Singapore/1/57 and A/New York/83(R6), correlated with the parental origin of only the M gene and not the haemagglutinin despite the fact that it is the haemagglutinin which promotes the fusion activity (Wiley & Skehel, 1987) . The resistance of X-31, a reassortant of A/Aichi/2/68 (H3N2) and A/Puerto Rico/8/34 (H1N1), also reflected the parental origin of the M gene.
The structure-activity relationship between related compounds was also consistent with the inhibition being due to specific interaction with M2. Thus the relative rates of fusion by A/Singapore/I/57 in the presence of rimantadine (10 gg/ml) and cyclooctylamine (10 gg/ml) were reduced by 42 % and 31%, respectively, whereas cyclopentylamine (10 gg/ml), which does not inhibit influenza virus replication (Hay et al., 1985) , had no effect.
For the various viruses tested, inhibition by amantadine did not correlate with the pH at which the membrane fusion activity occurs, or the rate of fusion which varied by more than 10-fold between the different amantadinesensitive viruses tested. Furthermore, liposome-liposome fusion induced by purified detergent-extracted rosettes of haemagglutinin (Wharton et al., 1986 ) from A/Singapore/I/57 was not affected by amantadine under similar conditions (Fig. I c) . Rosettes (100 ~tg) were used to fuse 25 gg of labelled liposomes to unlabelled liposomes (50 ~tg). Fusion was measured at pH 5"1 and 37 °C. The rate of fusion was very similar to that of the A/Singapore/I/57 virus (t½ 168 s).
In contrast, preincubation of virus with the proton ionophore monensin (10 gg/ml) caused a large increase in the rate of fusion of A/Singapore/I/57 again without affecting the extent of fusion (Fig. 1 d) . In this case the fusion could be fitted to two exponentials, one accounting for 60 % of the amplitude having a t½ of 5 s, and the second with a t½ of 102 s. The kinetics of fusion following preincubation with both amantadine and monensin were indistinguishable from those obtained with monensin alone (Fig. 1 d) . The effect of monensin was not directed against the haemagglutinin since the low-pH-induced conformational change, assessed by morphological changes viewed by using low-dose negative stain electron microscopy or by reductive dissociation of the HA 1 subunit (Graves et al., 1983) , was not affected. Neither did the ionophore influence the rate of HA rosette-induced liposome--liposome fusion (S. A. Wharton, S. R. Martin, J. J. Skehel & D. C. Wiley, unpublished) . Monensin had no effect upon fluorescence when added to liposomes in the absence of virus at any pH. Thus monensin appears to be exerting an effect on the virus in a manner similar to that of M2 which is specifically inhibited by amantadine. The increase in the rate of fusion by monensin is not reversed by amantadine because this drug does not inhibit this ionophore. Since submission of this manuscript similar results have been reported by Bron et al. (1993) using an avian H7 virus. In their experiments monensin had a less dramatic effect and the amantadine-resistant variant had a significantly faster rate of fusion than the sensitive parental strain.
Together the results are consistent with the idea that the M2 ion channel can promote the transfer of ions, most likely protons, across the virus membrane and that acidification of the virion interior is necessary for efficient virus uncoating (Hay, 1989; Wharton et al., 1990 ). This acidification is not essential for membrane fusion activity as amantadine does not completely inhibit virusliposome fusion, and treatment of infected cells with amantadine still results in the release of the viral contents into the cytoplasm (Martin & Helenius, 1991) . The activity of M2 is equivalent to that which the protein exhibits in the transport pathway, where it has been shown to be capable of modulating the pH of the trans Golgi network by as much as 1 pH unit, and in the plasma membrane (Ciampor et al., 1992b) . The topography of M2 in the viral membrane is such that it would allow net proton flow into the virion interior. The rationale for this function of the virion M2 relates to certain characteristics of the matrix protein, in particular its tendency to be solubilized in the presence of detergent or organic solvents at low pH (Gregoriades, 1973; Ruigrok et al., 1989; Zhirnov, 1990) and observations that inhibition of M2 prevents the separation of matrix protein from the ribonucleoprotein (Bukrinskaya et al., 1982b; Martin & Helenius, 1991) . Furthermore, the ability of mutations in the matrix protein to prevent the growth restriction caused by a monoclonal antibody directed against the N-terminal, external domain of M2 is a clear demonstration of the importance of either direct or indirect interactions between the two proteins (Zebedee & Lamb, 1989) . At present the mechanism by which acidification of the virion interior influences the rate of fusion is unclear. It is possible that as well as altering the interaction between the matrix protein and ribonucleoprotein, low pH might affect the interaction between the matrix protein and the viral membrane in such a way as to enhance the rate of fusion, or the rate of lipid intermixing which is the basis of the fusion assay,
